Abstract. The purpose of this study was to determine if different methods for average bioequivalence in high variability drugs coincide or not in their conclusions when applied to the same dataset, and to discuss the method validity and reliability of the conclusions. Different approaches for the evaluation of average bioequivalence were applied to the results of a bioavailability trial on the diuretic drug Furosemide. These methods included widening the bioequivalence limits according to regulatory recommendations, scaling the limits and scaling the bioequivalence statistic, jointly with evaluating alternative bioavailability measures. The methods to establish the bioequivalence limits were also combined with some alternative methods to construct confidence intervals. The decision on bioequivalence depends much more on the bioavailability measures than on the statistical approach. The reliability of the final decision lies mainly in the interpretation of these measures and on the special characteristics of each drug.
Introduction
One of the main pharmacokinetic properties of a pharmaceutical form is the capacity to release its active principle into the organism, in order to be absorbed in the best conditions and to arrive at the site of action, where it performs its expected therapeutic effect. This process is influenced by many factors, but two of them deserve special attention: the intrinsic variability of the active principle and the process of development and the technology involved in the form elaboration. These sources of variation may be translated in different characteristics of the liberation process; it may become slow or fast, complete or incomplete, etc. The above characteristics are closely related to the bioavailability (BA) and bioequivalence (BE) concepts, which thus have a special connotation in the evaluation of medicines or products.
The definition of bioavailability in FDA [2003] is: "the rate and extent to which the active ingredient or active moiety is absorbed from a drug product and becomes available at the site of action. For drug products that are not intended to be absorbed into the bloodstream, bioavailability may be assessed by measurements intended to reflect the rate and extent to which the active ingredient or active moiety becomes available at the site of action". The definition in CPMP [2001] is almost the same. This guidance adds to the definition "... is understood to be the extent and the rate at which a substance or its active moiety is delivered from a pharmaceutical form and become available in the general circulation".
For bioequivalence CPMP [2001] states: "Two medicinal products are bioequivalent if they are pharmaceutically equivalent or pharmaceutical alternatives and if their bioavailabilities after administration in the same molar dose are similar to such degree that their effects, with respect to both efficacy and safety, will be essentially the same". The 2003 FDA guidance defines it as: "the absence of a significant difference in the rate and extent to which the active ingredient or active moiety in pharmaceutical equivalents or pharmaceutical alternatives becomes available at the site of drug action when administered at the same molar dose under similar conditions in an appropriately designed study".
The above definitions focus on the processes by which the active ingredients or moieties are released from an oral dosage form and move to the site of action. To translate them to more operative quantitative criteria, the current FDA and EMEA regulatory standard proposes that a test formulation be considered as presenting "average bioequivalence" (ABE) with respect to a reference standard (reference formulation), and for a given BA pharmacokinetic measure, when their geometric means ratio (GMR) lies within certain pre-specified limits, currently set at 0.80/1.25 or 80/125% [CPMP 2001 , FDA 2001 . The most common BA measures are the area under the curve, AUC, and the maximum reached concentration, C max . More technical details on these measures are given below.
Obviously, the decision of declaring ABE or not must be taken on the basis of sample GMRs, computed on experimental sample data, subject to random variation. In order to find a balance between consumer or patient risk (falsely establishing ABE) and producer risk (failing to establish ABE for a truly BE product), an hypothesis test is typically formulated, with a null hypothesis of non-equivalence (say, the "true" GMR is outside the regulatory limits) and an alternative hypothesis of equivalence ("true" GMR within the regulatory limits). The usual decision criterion is based on the "interval inclusion" principle: reject non-equivalence (and so declare ABE) if an appropriate confidence interval (CI) for the GMR lies within the regulatory limits. This provides some control over consumer risk, as is discussed in more detail in the last section.
A particular problem is presented by highly variable (HV) drugs, characterized by their large intrasubject variation [Tothfalusi et al. 2001] . Drugs whose BA parameters show an intrasubject variability greater than a 30% analysis of variance -coefficient of variation (ANOVA-CV or simply CV) are generally referred to as HV drugs [Blume 1993 , Midha et al. 1997 , Shah et al. 1996 .
Sometimes the inclusion criterion in the HV class is relaxed, as in [Boddy et al. 1995] where HV drugs are defined as those exhibiting intrasubject pharmacokinetic data variability exceeding a 25 -30 CV%. Highly variable drug products are those exhibiting a high within-variability, possibly due to a poor pharmaceutical formulation. Their constituent drugs are not necessarily highly variable, [Midha et al. 2007] .
The coefficient of variation is a very important property in defining the drug type, since it reflects the following pooled components [Midha et al. 1997] and may greatly influence the result of the ABE study: true intrasubject variability in pharmacokinetic processes, plus a component of analytical variability; within-formulation variation (e.g., tablet-to-tablet variation); a possible subject-by-formulation interaction term; and unexplained random variation.
The main problem with HV drugs lies in the low power of the standard ABE procedures [Midha et al. 1997 , Boddy et al. 1995 when they are applied to these kind of data. That is, there is a low probability of BE approval even under true BE conditions, in the classic 2 × 2 cross-over design (2 periods and 2 sequences) using a moderate sample size. A large number of subjects would be required in order to achieve a suitable statistical power and to establish the condition of BE. This problem remains present in drugs with intermediate coefficients of variation, including values between 25 and 30% [Boddy et al. 1995 , Shah et al. 1996 , so perhaps it would be worth including these drugs in the HV category.
To cope with the problem of ABE assessment in HV drugs, some possible approaches have been proposed and discussed: 1. To reduce the confidence level of the intervals, i.e. to increase the Type I error rate or consumer risk [Boddy et al. 1995 ]. This approach is generally discarded as inadequate. 2. To conduct the BE study at steady state , WHO 2005 4. To use more sophisticated experimental designs, other than the 2 × 2 crossover design, the most commonly used in bioequivalence studies [Patterson et al. 2001 , Shah et al. 1996 , WHO 2005 . 5. To widen the ABE acceptance limits, thus redefining BE and, at the same time, trying to maintain the consumer risk at its nominal level, say 5%. Widening the acceptance limits may be achieved by broadening them to new fixed values, say 75/133% [Boddy et al. 1995 , CPMP 2001 , Shah et al. 1996 , or by means of some sort of gradual scaling, in function of the variability and eventually other measures [Karalis et al. 2004 , Kytariolos et al. 2006 , Tothfalusi et al. 2001 ]. 6. To define a new pharmacokinetic measure for the rate of absorption [Endrenyi 1993 , Lacey et al. 1994 , Shah et al. 1996 .
Approaches 2 -4 above imply changes in the way that the experiment is designed and conducted, and thus are not feasible in the present paper which consists in an analysis case-study using pre-existing data. Here, we illustrate the use of some possible approaches that lie in the last two categories, 5 and 6.
A drug may be HV for a given pharmacokinetic measure (usually C max ) and not for the others. This relates to the whole question of the adequacy of the BA metrics in ABE studies. Several types of area under the curve (AUC) may be good indicators of the extent of the absorption [FDA 2003 , Shah et al. 1996 : AUC 0-t (area under the curve from zero to t, where t is the last time point with a measurable concentration for each formulation) and AUC 0-¥ (area under the curve from zero to infinite, with AUC 0-¥ = AUC 0-t + C t /l z , where C t is the last measurable drug concentration and l z is the terminal or elimination rate constant). The main problem lies in the measurement of the rate of absorption as the traditional indicators, t max (time to reach maximum plasma concentration) and C max , are not fully reliable metrics. t max is highly dependent on the sampling frequency and C max is a measure of both extent and rate [Bois et al. 1994a,b] . Despite being a confounded measure, C max is often a critical metric for assessing the potential adverse effects of certain drugs. Therefore, C max remains a very important clinical metric and, what is more, there is evidence that C max and t max provide useful information about the absorption rate [Tothfalusi et al. 2001] . Provided the interest of C max but its possible drawbacks, including its associated high variabilities, a new metric, C max /AUC 0-¥ , for measuring the absorption rate has been proposed [Endrenyi 1993 , Lacey et al. 1994 as an adequate replacement for C max . It may enhance specificity as is less sensitive to deviations and variations in the extent of absorption. However, in [Tozer 1997 , Tozer et al. 1996 ] prevent against the automatic use of this measure.
In this paper, using data coming from an experiment performed in 2003 [unpublished results; available upon request to the first author], we evaluate ABE using some of the methods and criteria discussed above, i.e. those based on widening or scaling the ABE limits and the possible use of an additional BA measure. In addition, we also test a number of interesting, though in practice not widely used, confidence intervals as possible inferential alternatives to the usual "shortest" CI.
Subjects, materials and methods
For the sake of completeness and clarity, we shortly describe the experimental data we have taken to conduct our case-study on diverse ABE methods. But it should be clear that this paper is not devoted to present these experimental results in depth, nor to discuss the correctness of the experimental process, nor to finally establish or not BE.
Subjects
16 volunteers (8 male and 8 female) were enrolled in the initial average bioequivalence study performed in 2003. On the basis of their medical histories, physical examinations and laboratory tests, all the subjects were found to be in good health prior to the study. The mean ± standard deviation age of the subjects was 24 ± 4 years with a range of 21 -36 years, the mean body weight was 62 ± 6 kg with a range of 54 -73 kg, and the mean height was 165 ± 7 cm with a range of 155 -178 cm.
The protocol of study was reviewed and approved by the Ethics Committee of the University of Concepción (Chile), and all subjects read and signed a written informed consent. The initial study was performed in the Teaching Pavilion of the University of Concepción, in the Hospital Las Higueras of Talcahuano (Chile) and in the Department of Pharmacy at the University of Concepción.
Furosemide data
The drug under evaluation was Furosemide (4-chloro-N-furfuryl-5-sulphamoylanthranilic acid). It is a potent diuretic agent widely used in the treatment of edematous states associated with cardiac and chronic renal failure, hypertension, congestive heart failure and cirrhosis of the liver [McEvoy 1998 ]. The bioavailability of Furosemide from oral dosage forms is highly variable. Drug information sources generally report a bioavailability of 60 -70% showing an incomplete but fairly rapid absorption.
The rate and extent of Furosemide absorption are complicated by high degrees of interand intrasubject variability [Ponto 1990 ] and both are reduced by food. Furosemide is extensively bound to plasma proteins, mainly to albumin, plasma concentrations ranging from 1 to 400 µg/ml are 91 -99% bound in healthy individuals while the unbound fraction averages 2.3 -4.1% at therapeutic concentrations [Gilman 1990 , Najib et al. 2003 ]. Furosemide elimination takes place mainly via tubular secretion, the main part of the dose absorbed is found unchanged in the urine and a smaller fraction is excreted as the glucuronide [Hammarlund-Udenaes 1989 , Vergin et al. 1998 ].
Furosemide was well tolerated by all the volunteers and no side effects were reported. All the subjects were, therefore, able to complete the trial and were discharged in good health.
Since its establishment in 1995, the Biopharmaceutical Classification System (BCS) [Amidon et al. 1995 , Kanfer 2002 , Reynolds 1996 ] has become an increasingly important tool for the worldwide regulation of drug products. To classify a drug according to the BCS, its solubility, dose and permeability must be known. Data regarding the solubility and permeability of Furosemide have allowed it to be classified as a class IV drug (poorly soluble, poorly permeable) in the BCS [Lindenberg et al. 2004 , Lobenberg 2000 , Wu 2005 . For drug products containing class IV substances, in vivo bioequivalence studies need to be conducted to evaluate the therapeutic equivalence between formulations that are equivalent pharmaceutics.
Study products, study design and sample collection
The formulations employed in this trial were: Furosemide 40 mg tablets, generic (Batch No. 005084), as the test formulation, and LASIX 40 mg, Aventis ® (Batch No. D 543), as the reference formulation.
The study was conducted in a randomized, single-dose, cross-over 2 × 2 design with a 1-week washout period between the two doses. During each period, the volunteers received a single test or reference tablet. Participants had been requested not to take any medication 7 days before the study or during the trial.
Blood samples (4 ml) were collected into EDTA-containing tubes before and 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00, 2.50, 3.00, 4.00, 5.00, 6.00 and 8.00 hours after the administration of each formulation. Plasma was separated by centrifugation and stored frozen at -20 ± 4°C until quantitative analysis.
Analysis of plasma samples
A high-performance liquid chromatography (HPLC) method was developed and validated for Furosemide analysis in plasma samples using an extraction procedure based on liquid-liquid extraction [Gomez et al. 2005] .
Pharmacokinetics and statistical analysis
The pharmacokinetics characteristics of Furosemide were determined from the plasma concentration-time data. The maximum plasma concentration (C max ) and the time to reach maximum plasma concentration (t max ) were obtained directly from the plasma concentration-time data. The area under the curve plasma concentration time up to the last time (t) was determined by applying the linear trapezoidal rule. The apparent elimination rate constant (K e ) was calculated by the log-linear regression of the data points describing a terminal log-linear decaying phase.
The analysis of variance (ANOVA) for 2 × 2 crossover designs [Chow 2000 , Senn 2002 ] was used to assess the effects of formulation, periods, sequences and subjects within sequence on the logarithmically transformed AUC 0-t , AUC 0-¥ , C max and C max /AUC 0-¥ variables. As a complementary analysis, the negligibility of the carry-over effect was tested by means of Wellek's scaled equivalence test [Wellek 2003 ]. This last approach tests a null hypothesis of non-negligibility vs. an alternative of negligibility of the carryover effect and, thus, seems a more appropriate way of ruling out the presence of disturbing carry-over, as it provides direct "proof" of its negligibility.
The pharmacokinetics characteristics AUC 0-t , AUC 0-¥ , C max , t 1/2 , K e , C max /AUC 0-¥ were determined based on a multiplicative model, t max was analyzed assuming an additive model. For the purpose of average bioequivalence analysis AUC 0-t , AUC 0-¥ , C max , were considered as primary variables and C max /AUC 0-¥ was also computed as a measure of the rate of absorption.
The initial ABE study was performed using the standard methods: Schuirmann´s test [Schuirmann 1987 ] and the equivalent procedure of confidence interval inclusion using the shortest 90% CI for AUC 0-t , AUC 0-¥ , C max , and C max / AUC 0-¥ . The remaining parameters (K e , t max and t 1/2 ,) were analyzed by the Wilcoxon rank sum test [Hauschke et al. 2007] .
To evaluate ABE using some methods proposed in the literature for high variability drugs, a second average bioequivalence study was performed adopting the same confidence interval inclusion approach but, in addition to the 90% shortest confidence interval, three additional confidence intervals were also considered: Westlake's symmetric 95% interval [Westlake, 1976] and the two 95% intervals discussed in Hsu et al. [Hsu 1994 [Karalis et al. 2004 , Kytariolos et al. 2006 . The above criteria are made explicit by means of certain functions defining the ABE limits, These functions depend on a set of preestablished parameters (a, b, g). In our study we selected the parameter values a = 1.25, b = 1.33 and g = 4, the "best" options according to the authors. -Scaling the metric rather than the BE acceptance limits. Inference is based on two possible approaches: noncentral t distribution and linearization of the regulatory criterion, described in , Tothfalusi et al. 2001 ].
All computations were performed on the logarithmic scale and the results exponentially transformed so that they might be discussed on the original scale.
All tests were performed at a 0.05 significance level with the statistical software SAS version 9.1 (SAS Institute Inc. Cary. NC, USA: s.n., v. 9.1) and with R 2.4.0 (R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, http://www.R-project.org).
Results
The main descriptive statistics of the pharmacokinetic parameters are summarized in Table 1 . In general, with the exception of t 1/2 , all the pharmacokinetic measures were systematically greater in the reference than in the test formulation.
Prior to bioequivalence evaluation, and as a complementary analysis to the ABE study, the means of the three main pharmacokinetic measures (AUC 0-¥ , AUC 0-t and C max ) were compared by means of the ANOVA procedure. Neither significant drug effects nor period, nor carry-over effects were found. Additionally, the "negligibility" of the carry-over effect was tested with the equivalence method stated [Wellek 2003 ]. For the most problematic variable (with respect to ABE testing), C max , carry-over was established as negligible (p-value = 0.03844). The remaining p-values were 0.1386, 0.03992 and 0.05657 for AUC 0-¥ , AUC 0-t and C max /AUC, respectively.
For AUC 0-t , AUC 0-¥ , and C max , the ANOVA-CVs were 17.68%, 14.11% and 36.67% respectively, which would seem to confirm that Furosemide is a highly variable drug for C max , (according to ). For the alternative measure C max / AUC 0-¥ , the corresponding CV was 25.63%, which suggests the possible inclusion of Furosemide also in the HV category if less stringent criteria are in use. But in any case the use of this alternative measure is associated with more than a 30% of variability reduction, with respect to C max . Table 2 shows the classic inference results for average BE.
Using the common approaches (Table 2) , average bioequivalence is only concluded for lnAUC0 0-¥ and rejected for the remaining parameters. However, the results for lnAUC 0-t and lnC max /AUC 0-¥ are very close to the lower limit of bioequivalence. In order to find out the extent to which the conclusion is sensitive to methods specially designed for HV drugs, some alternative approaches were applied to these data. The methods under consideration involved all possible combinations of approaches to bioequivalence limits redefinition with various confidence interval types. Table 3 shows the results for C max . None of the BE limit-widening methods allows us to confirm ABE, with the exception of the scaled limits with the "switching" variability threshold s 0 = 0.20. This threshold value was suggested by the FDA [2001] . The presence of this additional s 0 parameter has received some criticism , as it introduces some extra arbitrariness. Additionally, all methods would give the same result (that is, not to declare ABE) under the additional restriction imposing that the sample GMR should lie between the usual 80/125 ABE acceptance limits. It can be seen that, for C max , the ABE decision does not depend on the confidence interval type. In fact, all the confidence intervals share a very similar lower limit and the non acceptance of the ABE is conditioned primar- ily by this lower limit, which is close to, but clearly lower than, the expanded lower acceptance limit proposed in [Shah et al. 1996 ] -and farther from the lower acceptance limits associated with the remaining methods. Table 4 shows the results on the metric C max /AUC 0-¥ . With the exception of the scaling method BELscM, based on a Michaelis-Menten function (whose application results in limits close to the standard 0.80/1.25) and the mixed scaled limits with threshold s 0 = 0.294 (with no scaling at all, as the observed scaling variability does not reach this threshold -in fact, if scaling were applied the limits would be narrower than 0.80/1.25), the findings for all the other approaches resulted in an ABE statement, irrespective of the confidence interval method.
As discussed earlier, what is labeled here as a "mixed scaled" method is used in Tables   3 and 4 as a mere BE limits expansion device, in conjunction with confidence intervals that are only appropriate for the difference of means under constant BE limits, and not limits that depend on unknown parameters. A more appropriate inferential approach may be to construct confidence limits for the scaled measure of BE . A similar objection may be made of the scaled BE limits introduced in [Karalis et al. 2004 , Kytariolos et al. 2006 , although in these cases there is no clear inferential procedure. Table 5 shows the results when the methods based on the noncentral t distribution and on linearization of the regulatory criterion are applied.
Scaled ABE gives different results depending on the approach used in calculating the BE limits. In the case of C max all the procedures conducted to a bioinequivalence con- clusion (or more precisely, to not discard bioinequivalence), whereas in the case of the metric C max /AUC 0-¥ the results were not always the same. When using the noncentral t distribution and the threshold s 0 = 0.20 as proposed in [FDA 2001 ] and s 0 = ln(1.25) = 0.223, in line with Boddy et al. 1995 , the final outcome was declaring ABE. For s 0 = 0.294, the final outcome was bioinequivalence. The results using the "linearization of the regulatory criterion" were in quite close agreement with the above findings, albeit this criterion would appear to be more restrictive in producing an ABE statement.
Discussion
As has been previously pointed out, the main problem with testing ABE in HV drugs is the very low power of the standard methods. The regulatory recommendations impose sample sizes between 12 and 24, so that the sample size of 16 subjects in the data we have used to conduct this case study is within the recommendations. However, a much higher number of subjects would be necessary to evaluate ABE with a suitable power level. Specifically, for C max a number of 392 subjects would be required to have a 80% power for an acceptance range of 0.80/1.25 [Hauschke et al. 2007 , Patterson 2006 , which is much higher than the recommendation and completely unfeasible in practice. Note that in the majority of times when ABE is not declared, this decision lies mainly in the lower bound of the confidence interval, which is close but lower than the lower bound of the bioequivalence limits. It is reasonable to conjecture that a much greater sample size might result in shorter confidence intervals and perhaps lead to an ABE statement.
Provided the unfeasibility of the required sample sizes, an alternative approach would be to use statistical methods that would improve the power for a given, fixed sample size. With respect to ABE testing, the confidence interval construction method does not influence our results, so the best alternative seems to be the simple, standard "shortest" interval. In terms of formulation effect estimation, perhaps a good alternative confidence interval would be I * , which is similar in length and more confident (e.g. 95% instead of 90%) than the shortest interval. There are alternative more powerful tests for ABE, for example those described in [Berger 1996 , Chow 2000 , Wellek 2003 ], but these methods have other drawbacks and are far from the approach taken in the regulations, so they are not considered here.
The final decision on ABE is slightly more dependent on the method used to widen or to scale the bioequivalence limits, but as has been pointed in the Results section, with a few marginal exceptions all methods lead to similar results: results on C max /AUC point to an average bioequivalence conclusion, while for C max the results point to a contrary conclusion. That is, for the Furosemide data under consideration, the final outcome seems to depend much more on the BA metric than on the method to determine the bioequivalence limits. So in these data the final decision on bioequivalence seems to be not clear. For absorption extent, the results on AUC strongly suggest ABE while for absorption rate the final statement will strongly depend on the metric. If C max /AUC is considered as an acceptable measure of rate, as in [Endrenyi 1993 ], ABE seems clear. These authors suggest the 75/133% limits as adequate for this measure. On the other hand, if C max is considered, the lack of arguments favoring bioequivalence is also clear for this mixed (rate and extent) measure. Then, what is better, to base the decision on C max or on C max /AUC? In our opinion both measures are very uninformative in the specific case of Furosemide: The diuretic effect of this drug is more closely associated to the urinary excretion rate than to the plasma concentration [Hammarlund-Udenaes 1989 , Vergin et al. 1998 ]. The excretion rate associated with maximum efficiency is about 21.5 µg min -1 , [Hammarlund-Udenaes 1985 , Wakelkamp et al. 1997 ] and according to [Vergin et al. 1998 ], the plasma concentration corresponding to a maximally efficient excretion rate is approximately 200 ng/ml [Vergin et al. 1998 ]. If the level of Furosemide exceeds this value, there is not an enhancement of the diuretic effect as the urinary excretion remains constant.
For the reference formulation, the observed mean C max was (expressing it in the same unit) 1,469 ng/ml with a range of 960 to 2,900 ng/ml and for test formulation the observed mean C max value was 1308 ng/ml with a range of 550 to 2,990 ng/ml. So, the plasmatic concentrations largely exceeded the 200 ng/ml level, and thus C max and C max /AUC seem to have very limited value (and to a lesser extent, also AUC that should be computed in a truncated manner) if therapeutic efficacy is under consideration, though they have full value for drug safety evaluation.
In our opinion, the above results suggest that all the statistical methods under consideration should help in the decision, but should not determine the decision itself. These results illustrate the complexity of making a correct decision about ABE in the case of HV drugs. Further research is needed in this field to improve methodological approaches and to have a better knowledge of their theoretical properties and their true applicability to real data.
